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ABSTRACT: The development of single-chain polymeric nanoparticles (SCNP) has been of great scientific interest in recent 

years. Recently, we have developed a robust system to form SCNP at high polymer concentration (ca. 100 mg⋅mL
–1

) via organo-

catalyzed ring-opening polymerization (ROP). In this approach, linear polymer precursors functionalized with pendent polymeriza-

ble caprolactone moieties undergo self-cross-linking in the presence of organo-catalyst and alcohol initiator. Following on from our 

previous communication, we report in here a more in-depth fundamental investigation to better understand our system. For this, we 

have synthesized various linear random copolymer precursors (i.e., poly(oligo(ethylene glycol) acrylate) (P1), polystyrene (P2), 

and poly(methyl acrylate) (P3)) by reversible addition fragmentation chain transfer (RAFT) polymerization, and their abilities to 

form SCNP at high polymer concentration were evaluated. It was found that only P1, which contain oligo(ethylene glycol) side-

chains, was able to successfully form SCNP while the other linear precursors resulted in multi-chain aggregates, indicating the im-

portance of side-chain brushes in aiding SCNP formation at high polymer concentration. Furthermore, we tested several multifunc-

tional alcohol initiators (mono-, di-, and tetra-hydroxy) and found that the initiator structure has no effect on the SCNP formation 

process. In addition, we investigated the effect of initiator concentration and observed that the particle size can be reduced (from 7.6 

to 6.6 nm) when the initiator and linear precursor are in equimolar concentration. It is anticipated that the information derived from 

this study may lead to the development of new SCNP for targeted (bio)applications.   

Over the last few decades, the scientific community has wit-

nessed a significant advancement in the synthesis of functional 

organic polymeric nanoparticles for a range of targeted appli-

cations, including controlled drug delivery,
1,2,3

 catalysis,
4
 

membranes technologies,
5
 and as antibacterial agents.

6,7
 Con-

trolled polymerization protocols such as Cu-mediated radical 

polymerization,
8–11

 reversible addition fragmentation chain 

transfer (RAFT) polymerization
12

 and ring-opening polymeri-

zation (ROP)
13,14

 are now widely employed in the synthesis of 

such polymer nanoparticles as they enable for precise control 

over the molecular weight, functionality and topology of pol-

ymer constructs. For example, the synthesis of star polymers 

via an arm-first approach where linear macroinitiators are 

formed and chain-extended in the presence of cross-linkable 

monomers, forming discrete nanoparticles.
15–18

 Other strate-

gies include the self-assembly of amphiphilic block copoly-

mers to form micelles of various morphologies (e.g., sphere, 

cylinder, vesicles).
19–23

 Additionally, emulsion-based polymer-

izations have also been used in the preparation of polymer 

nanoparticles.
24

    

Another method of producing polymer nanoparticles that 

has been gaining popularity recently entails the self-collapse 

and intramolecular folding or cross-linking of single polymer 

chains.
25–47

 This class of nanoparticles, defined as single-chain 

polymeric nanoparticles (SCNP), mimics the self-folding ac-

tion of natural biomacromolecules such as proteins and en-

zymes, and is generally in the size range of < 20 nm. Whilst 

small nanoparticles have potentials for specific applications 

(e.g., drug delivery across the blood-brain-barrier
48,49

), acces-

sibility to this size range has traditionally been difficult to 

achieve by other methodologies. Currently, a myriad of SCNP 

formation strategies have been reported that utilizes different 

linking chemistries to stabilize the particle structure, including 

dynamic covalent, covalent and noncovalent interactions. For 

instance, some of the earliest examples entailed the cross-

linking of linear polymers functionalized with pendent vinyl 

groups via conventional free radical polymerization
28

 or al-

kene cross-metathesis.
29

 Other later examples include the pho-

todimerization of 2-ureidopyrimidinone
30

 or anthracene,
31

 

host-guest complexation between cucurbit[n]uril and napthyl 

moieties,
32

 hydrogen bonding,
33,34

 (photo)click reactions,
35,36,37

 

acylhydrazone formation between aldehyde and acylhydra-

zides,
38

 and hydrophobic physical interactions.
39

 Despite the 

availability of an expanding synthetic toolbox to generate 

SCNP, the majority of these systems need to be performed 

under (ultra-)dilute conditions to ensure single polymer chains 

preferentially undergo intra- over inter-polymer reactions. 

We recently reported a new system to form SCNP via or-

gano-catalyzed ROP where linear polymeric precursors func-

tionalized with pendent polymerizable caprolactone groups are 

cross-linked intramolecularly in the presence of organo-

catalyst and alcohol initiator (Scheme 1a).
45

 This approach not 

only enables the efficient formation of SCNP under mild, met-

al-free conditions but also the formation of biocompatible and 

biodegradable polyester linkages that stabilize the nanoparti-

cle. Interestingly, we observed the formation of well-defined 

SCNP even at high polymer concentration (~ 100 mg⋅mL
–1

), 

which was extremely rare, though we were not entirely certain 



 

of the reason behind this observation at that time. However, 

we suspected that the short oligo(ethylene glycol) (OEG) 

brushes in our model linear precursor (P1, Scheme 1b) may 

have aided the formation of SCNP at high polymer concentra-

tion. Two very recent reports,
33,39

 published around the same 

time as us, have also demonstrated the formation of SCNP at 

similarly high polymer concentrations even though the chem-

istries used to facilitate particle formation are distinguishable 

from one another. Mere coincidence or not, in both these sys-

tems, linear precursors containing OEG brushes were em-

ployed. However, no scientific evidence has been provided to 

explain the driving force behind the formation of these SCNP 

(including ours) at high polymer concentration. These few 

recent reports by us and others may influence the rational de-

sign of future SCNP given that the ability to synthesize SCNP 

at high polymer concentration could open up new and exciting 

applications (e.g., coating technology), besides allowing for 

more economical and efficient production of precisely-

engineered soft nanoparticles. Thus, we believe it is of para-

mount importance to gain a better fundamental understanding 

of our current system as we work towards designing functional 

SCNP for potential future applications.  

Herein, the aims of this work are i) determining the im-

portance of OEG side-chains in linear precursors during the 

ROP-mediated formation of SCNP at high polymer concentra-

tion, ii) establishing alcohol initiator structure-property rela-

tionship and iii) investigating the effect of alcohol initiator 

concentration. To achieve these aims, we have prepared vari-

ous linear random copolymers that consist of different side-

chain functionalities (i.e., poly(oligo(ethylene glycol) acrylate) 

(P1), polystyrene (P2), and poly(methyl acrylate) (P3)) by 

RAFT polymerization (Scheme 1b), and their abilities to form 

SCNP at high polymer concentration are evaluated. To the 

best of our knowledge, there are few studies that investigate 

the effects of polymer side-chains in SCNP formation. In addi-

tion, three initiators with different molecular architecture and 

functionality, including benzyl alcohol (monohydroxy), trieth-

ylene glycol (dihydroxy) and pentaerythritol ethoxylate (tetra-

hydroxy) are tested as suitable initiators for nanoparticle for-

mation. All resulting linear copolymers and nanoparticles are 

extensively characterized by gel-permeation chromatography 

(GPC), dynamic light scattering (DLS) and proton nuclear 

magnetic resonance (
1
H NMR) spectroscopy. 

Scheme 1. (a) Schematic Representation of the Formation of Nanoparticles from Single Polymer Chains via Organo-

Catalyzed Ring-Opening Polymerization. (b) Linear Polymer Precursors (P1-P3) and Alcoholic Initiators Investigated in 

this Study 

 



 

Materials. 1-Dodecanethiol (Aldrich, ≥ 98%), potassium 

hydroxide (KOH) (Sigma-Aldrich, 90%, flakes), carbon disul-

fide (Fluka, ≥ 99%), benzyl bromide (Aldrich, 98%), 1,4-

cyclohexanediol (Aldrich, 99%), triethylamine (Scharlau, 

99%), acryloyl chloride (Merck, ≥ 96%), pyridinium chloro-

chromate (Aldrich, 98%), 3-chloroperoxybenzoic acid (Al-

drich, ≥ 77%), benzyl alcohol (Sigma-Aldrich, 99.8%, anhy-

drous), triethylene glycol (Fluka, ≥ 97%), pentaerythritol eth-

oxylate (Aldrich, Mn ~ 797 g⋅mol
–1

), methanesulfonic acid 

(Fluka, ≥ 99%), 1,4-dioxane (Sigma-Aldrich, ≥ 99%) and 2,2’-

azobis(2-methylpropionitrile) (AIBN) (Acros, 98%) were used 

as received. Monomers oligo(ethylene glycol) methyl ether 

acrylate (Aldrich, Mn = 480 g⋅mol
–1

), di(ethylene glycol) ethyl 

ether acrylate (Aldrich, ≥ 90%), methyl acrylate (Aldrich, 

99%) and styrene (Sigma-Aldrich, ≥ 99%) were passed over 

basic alumina to remove inhibitors prior to use. Sodium hy-

drogen carbonate (NaHCO3), sodium sulfate (Na2SO4, anhy-

drous), celite, methanol (MeOH), ethanol (EtOH), chloroform 

(CHCl3), dichloromethane (DCM), diethyl ether (DEE), hex-

ane, cyclohexane, ethyl acetate, toluene and tetrahydrofuran 

(THF) were obtained from Chem-Supply and used as received. 

Magnesium sulfate (MgSO4, anhydrous) was obtained from 

Merck and used as it is. Anhydrous, deoxygenated DCM and 

THF were obtained by distillation under argon from CaH2 and 

sodium benzophenone ketyl, respectively. Deuterated chloro-

form (CDCl3) was obtained from Cambridge Isotope Labora-

tories and used as received. High-purity water with a resistivi-

ty of > 18 MΩ⋅cm was obtained from an in-line Millipore 

RiOs/Origin water purification system. The synthesis of 4-

(acryloyloxy)-ℰ-caprolactone was performed in accordance to 

literature procedures.
50

 The RAFT agent, benzyl dodecyl car-

bonotrithioate, was synthesized using the same protocol in our 

previous publication.
45

  

Instrumentation. Polymer molecular weight characteriza-

tion was carried out via gel-permeation chromatography 

(GPC) was carried out on a Shimadzu liquid chromatography 

system equipped with a Wyatt DAWN-HELEOS MALLS 

detector (690 nm, 30 mW), Wyatt OPTILAB DSP interfero-

metric refractometer (690 nm) and Shimadzu SPD-10AVP 

UV-Vis detector using three Phenomenex Phenogel columns 

(500, 104, and 106 Å porosity; 5 µm bead size) operating at 45 

°C. THF was used as the eluent at a flowrate of 1 mL⋅min
–1

. 

The molecular weights of all samples were determined using 

polystyrene standards. All sample solutions were filtered 

through 0.45 μm Teflon syringe filters. 

Dynamic light scattering (DLS) measurements were per-

formed on a Wyatt DynaPro NanoStar DLS/SLS instrument 

with a GaAs laser (658 nm) at an angle of 90
o
 and a tempera-

ture of 25 ± 0.1 °C. Stable spectra were obtained at sample 

concentrations of 1 mg⋅mL
–1

 in THF. All sample solutions 

were filtered through 0.45 μm Teflon syringe filters. 
1
H and 

13
C nuclear magnetic resonance (NMR) spectrosco-

py was conducted on a Varian Unity 400 MHz spectrometer 

operating at 400 MHz, using deuterated solvent (CDCl3) as 

reference and a sample concentration of approximately 20 

mg⋅mL
–1

. 

Synthesis of Linear Polymer Precursors (P1, P2 and P3) 

via RAFT Polymerization. P1 was synthesized in accordance 

to our previous publication.
45

  

For the synthesis of P2, AIBN (5.7 mg, 34.5 μmol), benzyl 

dodecyl carbonotrithioate (31.9 mg, 86.2 μmol), styrene (1.49 

g, 14.3 mmol) and 4-(acryloyloxy)-ℰ-caprolactone (539 mg, 

2.93 mmol) were first dissolved in 1,4-dioxane (2 mL). The 

reaction mixture was degassed by bubbling with N2 for 30 min 

at 0 
o
C in an ice water bath. The reaction mixture was stirred 

at 75 
o
C for 36 h under N2 and then cooled in an ice bath. The 

monomer conversion and percentage of lactone moieties in the 

polymer were determined to be 91% and 19%, respectively, by 
1
H NMR spectroscopic analysis. The crude mixture was dilut-

ed with THF (6 mL) and precipitated into DEE:hexane: cyclo-

hexane (1:1:1, 90 mL), and the precipitate was isolated by 

centrifugation. This precipitation step was repeated once more 

and the precipitate was dried in vacuo to afford P2 as a yellow 

solid, 1.62 g (80%). GPC and 
1
H NMR characterization data 

are shown in Table 1 and Figure S1 of the Supporting Infor-

mation (SI), respectively. 

For the synthesis of P3, AIBN (1.1 mg, 6.90 μmol), benzyl 

dodecyl carbonotrithioate (6.40 mg, 17.3 μmol), methyl acry-

late (237 mg, 2.76 mmol) and 4-(acryloyloxy)-ℰ-caprolactone 

(127 mg, 690 μmol) were first dissolved in 1,4-dioxane (1.1 

mL). The reaction mixture was degassed by bubbling with N2 

for 30 min at 0 
o
C in an ice water bath. The reaction mixture 

was stirred at 75 
o
C for 16 h under N2 and then cooled in an 

ice bath. The monomer conversion and percentage of lactone 

moieties in the polymer were determined to be 94% and 19%, 

respectively, by 
1
H NMR spectroscopic analysis. The crude 

mixture was diluted with THF (3 mL) and precipitated into 

DEE:hexane (7:3, 50 mL), and the precipitate was isolated by 

centrifugation. This precipitation step was repeated once more 

and the precipitate was dried in vacuo to afford P3 as a yellow 

tacky substance, 290 mg (80%). GPC and 
1
H NMR characteri-

zation data are shown in Table 1 and Figure S2 of the SI, re-

spectively. 

Nanoparticle Formation via ROP. The formation of all 

nanoparticles follows the same general procedure. Linear pol-

ymer precursors (at a lactone concentration of 73 mM, which 

translated to 100, 44 and 39 mg⋅mL
–1

 for P1, P2 and P3, re-

spectively), methanesulfonic acid (1.3 μL, 20 μmol) and vari-

ous concentrations of alcoholic initiator were dissolved in 1 

mL of CDCl3, and the reaction mixture was left to react at 25 
o
C for a day. The reaction mixture was filtered through a Tef-

lon syringe filter (0.45 μm pore size) and precipitated into 

DEE:hexane (7:3, 10 mL). The precipitate was subsequently 

isolated by centrifugation. This precipitation step was repeated 

once more and the nanoparticles were dried in vacuo. The 

yield was typically between 60-75%. Noteworthy, both the 

filtered and unfiltered products of SCNP based on P1 yield 

identical GPC and DLS traces. However, for P2 and P3, small, 

macroscopically visible ‘gel-like’ materials were observed in 

the reaction mixtures but could not be analyzed effectively via 

GPC or DLS because of instrument limitations. Hence, the 

reaction mixtures for P2 and P3 have to be filtered prior to 

analysis. For consistency, all reaction mixtures were therefore 

filtered prior to purification and analysis. 

Our general strategy in making SCNP involves the combina-

tion of advanced polymer synthetic technologies and is divid-

ed into two key parts. Firstly, linear random copolymer pre-

cursors containing pendent lactone functionalities were made 

via the RAFT copolymerization of 4-(acryloyloxy)-ℰ-



 

caprolactone with other vinyl monomers. The RAFT technique 

effectively mediates the formation of well-defined linear pre-

cursors but more importantly negates the use of metal/ligand 

catalytic systems that may compromise the lactone function-

ality. To induce nanoparticle formation, the RAFT-made line-

ar precursors were then cross-linked via organo-catalyzed 

ROP using an alcohol initiator and methanesulfonic acid, 

which is known to be an excellent organo-catalyst in regulat-

ing the polymerization of lactone monomers. The overall pro-

cess is metal-free and does not involve complicated synthetic 

protocols, while the formed linear polymers and nanoparticles 

are easily purified by simple precipitation procedures. In the 

following section, the synthesis of various linear precursors 

with different side-chain functionalities and their abilities to 

form nanoparticles are described. This is followed by investi-

gations into the effects of alcohol initiator structure and con-

centration on SCNP formation.  

Side-Chain Effect. As mentioned above, we have previous-

ly observed the formation of SCNP at high polymer concentra-

tion using the model linear precursor P1 that contain OEG 

side-chains.
45

 To determine if the OEG brushes actually aided 

the formation of SCNP, two other linear precursors composed 

of different side-chains (i.e., phenyl for polystyrene P2 and 

methyl ester for poly(methyl acrylate) P3) were made and 

compared in terms of their abilities to form SCNP at high pol-

ymer concentration. For a systematic comparison, linear pre-

cursors P1-P3 with the same targeted number-average degree 

of polymerization (DPn) of 200 monomer repeat units and 20 

mol% of lactone moieties per polymer chain were synthesized. 

In addition, the initial molar ratio of the RAFT agent (benzyl 

dodecyl carbonotrithioate) to free radical initiator (2,2’-

azobis(2-methylpropionitrile) (AIBN)) was kept at a consistent 

value of 2.5:1. All RAFT polymerizations were taken to near 

full monomer conversion (> 90%) as confirmed by 
1
H NMR 

analysis. Further 
1
H NMR analysis of the purified linear pol-

ymers (after repetitive precipitation) revealed the successful 

incorporation of ca. 19 mol% of lactone groups per polymer 

chain. The GPC differential refractive index (DRI) chromato-

grams of P1-P3 are shown in Figure 1a-c. Overall, the 

polymerizations were sufficiently well-controlled given that 

the GPC DRI traces were monomodal, with dispersity (Đ) 

values ≤ 1.50. The number-averaged molecular weight (Mn) 

and Đ values as determined by GPC using polystyrene stand-

ards are listed in Table 1. 

 

Figure 1. (a-c) GPC DRI chromatograms and (d-f) DLS mass distributions of linear polymer precursors (P1-P3) and the corresponding 

nanoparticles (NP1-NP3) formed after ROP. 

The synthesized linear precursors P1-P3 were subjected to 

ROP cross-linking using the same ‘standard’ reaction condi-

tions as our previous publication, i.e. in the presence of benzyl 

alcohol and methanesulfonic acid in chloroform to afford initi-

ator-to-catalyst-to-lactone molar ratio of 1:2:7.3 and at a total 

lactone concentration of 73 mM.
45

 In terms of mass concentra-

tions, this translated to 100, 44 and 39 mg⋅mL
–1

 for P1, P2 and 

P3, respectively because of the differences in the molecular 

weight of the monomers used. For reliable and systematic 

determination of the side-chain effect, it is imperative that the 

total lactone concentration and initiator-to-catalyst-to-lactone 

molar ratio – instead of the polymer mass concentration – are 

kept the same across all three systems. After 24 h of ROP, the 

samples were analyzed by 
1
H NMR, GPC and DLS. 

1
H NMR 

analysis revealed that the lactone groups have been reacted in 

all cases. Based on the GPC DRI chromatograms of the 



 

formed nanoparticles NP1-NP3, only NP1 displayed a shift 

towards higher retention times, indicating the collapse of sin-

gle polymer chains and the formation of SCNP whereas both 

NP2 and NP3 showed opposite trends that indicated the for-

mation of higher molecular weight species as their GPC DRI 

chromatograms shifted toward lower retention times. This 

observation was corroborated by multiangle laser light scatter-

ing (MALLS) analysis (Figure S1 of the Supporting Infor-

mation (SI)). DLS measurements of the linear precursors and 

their corresponding nanoparticles also correlated with the 

trends observed in GPC (Figure 1d-f; Table 1). The formed 

NP1 has a smaller hydrodynamic diameter (dH) than its linear 

precursor P1 (7.6 vs 8.1 nm). On the other hand, both NP2 and 

NP3 have larger dH values of 5.8 and 6.0 nm compared to 4.8 

and 3.2 nm for P2 and P3, respectively. Taken together, the 

combination of GPC and DLS analysis clearly demonstrated 

that only P1 was able to form SCNP whereas both P2 and P3 

resulted in multi-chain nanoparticles (due to interpolymer 

coupling reactions). These results proved that OEG side-

chains indeed play a key role in aiding the formation of SCNP 

at high polymer concentration. We hypothesize that the OEG 

side-chains are sterically shielding and isolating single poly-

mer chains, thereby preventing interpolymer aggregation 

while facilitating intramolecular cross-linking reactions. Since 

the linear precursor P1 has excellent solubility in the reaction 

media (CDCl3), the possibility of a precipitation-aided SCNP 

formation is ruled out. 

Table 1. Number-Averaged Molecular Weight, Dispersity 

and Hydrodynamic Diameter of Synthesized Polymers and 

Nanoparticles 

polymer Mn (g⋅mol–1) Đ dH (nm) 

P1 51000 1.47 8.12 

NP1a 45000 1.41 7.56 

P2 23300 1.17 4.80 

NP2 27300 1.25 5.80 

P3 22000 1.50 3.20 

NP3 25100 1.60 6.00 

NP12OH 46000 1.47 7.58 

NP14OH 45500 1.42 7.66 

NP12mM 43200 1.19 6.60 

NP120mM 45900 1.29 7.66 

NP1100mM 46000 1.35 7.72 

aNP1 is defined as the reference SCNP in this study that was 

formed under ‘standard’ conditions and is used for comparison 

with other SCNP. Therefore, NP1 is the same as NP11OH and 

NP110mM (i.e., NP1 = NP11OH = NP110mM).  

To further highlight the importance of OEG side-chains, it is 

worthwhile comparing our findings with two other independ-

ent reports by Terashima, Sawamoto et. al.
39

 and Palmans, 

Voets et. al.
33

 who also witnessed the formation of SCNP at 

high polymer concentration in their systems using OEG-based 

linear precursors (Figure 2). In the work by Terashima, 

Sawamoto et. al.,
39

 amphiphilic linear random copolymers 

consisting of OEG side-chains and hydrophobic functional 

groups (PA) were made and underwent single-chain self-

folding in water based on hydrophobic physical interactions to 

form SCNP. They observed the formation of SCNP at a poly-

mer concentration range of 1-60 mg⋅mL
–1

. Concurrently, Pal-

mans, Voets et. al.
33

 reported the formation of dynamic SCNP 

based on hydrogen bonding using a linear random copolymer 

composed of OEG side-chains and benzene-1,3,5-

tricarboxamides (PB). For this system, they demonstrated the 

formation of SCNP at 100 mg⋅mL
–1

. The OEG side-chains 

clearly played a key role, as it cannot be a mere coincidence 

that the formation of SCNP at high polymer concentration 

occurred when OEG-based linear precursors were used – es-

pecially considering that this was observed in three distinctive 

chemical systems.  

 

Figure 2. Examples of other OEG-based polymer chains em-

ployed by Terashima, Sawamoto and co-workers (PA)39 and Pal-

mans, Voets and co-workers (PB)33 in the formation of SCNP at 

high polymer concentration. 

Initiator Structure Effect. Following on from the investi-

gation into the effect of polymer side-chains, the influence of 

the initiator structure was also studied. For this, we have em-

ployed benzyl alcohol (monohydroxy), triethylene glycol (di-

hydroxy) and pentaerythritol ethoxylate (tetrahydroxy) as ini-

tiators in the ROP of P1 where the initial concentration of 

hydroxyl groups are kept constant for each initiator system 

and using the same standard conditions as above (i.e., at hy-

droxyl-to-catalyst-to-lactone molar ratio of 1:2:7.3 and at a 

total lactone concentration of 73 mM).  

Figure 3a and b show the GPC DRI chromatograms and 

DLS mass distributions of P1 and the formed SCNP NP11OH, 

NP12OH and NP14OH using different multifunctional alcohol 

initiators (note: NP1XOH where X denotes the number of hy-

droxyl groups attached per initiator). The initiator structure 

does not seem to affect the formation of SCNP as the GPC 

DRI chromatograms of the nanoparticles look almost identical, 

with only minute differences in their Mn values (from 45 to 46 

kg⋅mol
–1

). The GPC MALLS chromatograms yielded similar 

results (Figure S2). DLS results were also in agreement with 

the GPC data as the dH values of the SCNP showed little varia-

tion and range from 7.6 to 7.7 nm. Regardless of the initiator 

structure, SCNP were obtained instead of interpolymer aggre-

gates because the products are smaller in size compared to the 

linear precursor.    



 

 

Figure 3. (a) GPC DRI chromatograms and (b) DLS mass distri-

butions of linear polymer precursor P1 and SCNP formed using 

various types of alcohol initiators. 

The 
1
H NMR spectra of P1 and SCNP NP11OH, NP12OH and 

NP14OH are shown in Figure 4. NMR spectroscopic analysis of 

the nanoparticles revealed that resonance b of the caprolactone 

groups in P1 quantitatively shifted from δH 4.30-4.50 to 4.00-

4.28 ppm after 21 h of ROP, overlapping with the methylene 

protons from other ester groups. The integral of the area under 

the ester resonance at δH 4.00-4.28 ppm also increased corre-

spondingly as the linear precursor P1 was converted to nano-

particles. In addition, resonance a that corresponds to the me-

thanetriyl protons broadened (resonance a’) and possibly shift-

ed from δH 4.90-5.10 to 4.50-4.65 ppm (resonance X). How-

ever, we are still not entirely sure on the precise assignment of 

resonance X at the moment except for the fact that this reso-

nance most likely corresponds to protons belonging to ester 

functionalities. This is based on the observation that the ap-

pearance of resonance X became more prominent as the ROP 

progresses which coincides with the formation of growing 

polyester linkages (Figure S3). Noteworthy, the monomer 4-

(acryloyloxy)-ℰ-caprolactone used in the synthesis of P1 con-

sisted of both cis- and trans- isomers, which may explain for 

the different chemical shifts observed for resonances a’ and X 

in the 
1
H NMR spectra after ROP. Regardless, based on the 

NMR analysis, quantitative ring-opening of the caprolactones 

was achieved in all cases. 

Kinetic studies were also performed to monitor the progress 

of ROP via 
1
H NMR analysis based on the disappearance of 

the area under resonance b (Figure 5). The kinetic profiles for 

all three nanoparticles (NP11OH, NP12OH and NP14OH) follow a 

similar exponential decay and first-order kinetics behavior, in 

accordance with the general features of controlled chain-

growth polymerization. Based on the kinetic plots, near com-

plete (> 90%) ring-opening of the caprolatones were realized 

after 10 h of reaction time for all cases.  

 

Figure 4. 1H NMR spectra of (a) P1 and SCNP formed using: (b) 

benzyl alcohol (NP11OH); (c) triethylene glycol (NP12OH) and; (d) 

pentaerythritol ethoxylate (NP14OH). Resonances that correspond 

to the key functional groups are labeled. Resonance d corresponds 

to the methylene protons of the benzyl groups in NP1OH. 

 

Figure 5. Kinetic profiles of SCNP formation with different types 

of alcoholic initiators (based on the disappearance of the area 

under resonance b (Ab)), as monitored by 1H NMR analysis. 

Initiator Concentration Effect. Given that the formation of 

SCNP is essentially a polymerization process, the alcohol ini-

tiator concentration should influence the extent of cross-



 

linking in a similar way to other polymer cross-linking sys-

tems. To validate this, different concentrations of benzyl alco-

hol were employed in the ROP of P1 at various initiator-to-

catalyst-to-lactone molar ratios (i.e., 0.2:2:7.3, 1:2:7.3, 2:2:7.3 

and 10:2:7.3). The total lactone concentration (i.e., at 73 mM, 

100 mg⋅mL
–1

 of P1) and all other conditions remained the 

same.  

GPC DRI chromatograms of P1 and the formed SCNP 

NP12mM, NP110mM, NP120mM and NP1100mM are shown in Fig-

ure 6a (note: NP1XmM where X denotes the concentration of 

benzyl alcohol). The DRI traces of the nanoparticles are dif-

ferent from that of P1 and in line with the formation of SCNP. 

However, the DRI traces of the SCNP appeared indistinguish-

able from one another, except for a slight difference with na-

noparticles NP12mM that was made with the lowest concentra-

tion of benzyl alcohol. The Mn of NP12mM was determined as 

43 kg⋅mol
–1

 compared to ca. 46 kg⋅mol
–1

 for the other SCNP. 

The GPC MALLS trace of NP12mM also seemed to indicate the 

formation of smaller-sized nanoparticles compared to the other 

SCNP (Figure S4). DLS analysis provided a clearer compari-

son amongst the SCNP as the mass distribution of NP12mM is 

distinctively different from the rest, with a measured dH value 

of 6.6 nm compared to 7.6-7.7 nm for the other SCNP.  

 

Figure 6. (a) GPC DRI chromatograms and (b) DLS mass distri-

butions of P1 and SCNP formed with various concentrations of 

benzyl alcohol. 

In theory, lowering the initiator concentration would in-

crease the DPn of polycaprolactone, thereby resulting in a 

more compact and smaller SCNP. This is because with lesser 

amounts of initiator, the extent of ‘threading’ or linking across 

cross-linkable groups from an initiation point is greater, essen-

tially ‘pulling’ and bounding the main chain closer together. 

Consider the alternative scenario where the initiator concentra-

tion is higher (e.g, in excess compared to the lactone concen-

tration), the number of ring-opened lactone groups per initia-

tion point would be lower and hence lesser cross-linking be-

tween the cross-linkable groups. This can cause the main chain 

to adopt a less compact and more open structure. Thus, it 

made sense that NP12mM is smallest compared to the other 

SCNP but it was also interesting to note that the sizes of the 

nanoparticles did not differ at higher initiator concentrations. 

NMR spectroscopic analysis of the nanoparticles showed 

distinctive levels of incorporation of benzyl alcohol into the 

SCNP structure as the initiator concentration was varied (Fig-

ure 7). The intensity of resonance d that corresponds to the 

methylene protons of the benzyl groups increased with in-

creasing initiator concentration. Based on the area under the 

peak of resonance d, the DPn of polycaprolactone for the na-

noparticles were determined and found to deviate from the 

theoretical values especially at higher initiator concentrations 

(Table 2). At a benzyl alcohol concentration of 2 mM, the 

calculated DPn based on 
1
H NMR analysis (DPn

NMR
) was 40, 

which is close to the theoretical DPn (DPn
theo

) value of 37. The 

initiator efficiency (defined as the ratio of DPn
NMR

 to DPn
theo

) 

was ca. 91%. However, when the initiator concentration was 

increased to 10 and 20 mM, the DPn
NMR

 values were deter-

mined as 23 and 15 respectively, ca. three times higher than 

their DPn
theo

 values. The deviation was more apparent when 

the initiator concentration was increased to 100 mM (in excess 

compared to the lactone concentration of 73 mM), where the 

DPn
NMR

 was 8, ca. eight times higher than its DPn
theo

 value. 

Even though the initiator concentration was varied substantial-

ly between 2-100 mM, the DPn
NMR

 values did not changed 

considerably (40-8). This may help explain the results ob-

tained by GPC and DLS. Since the DPn
NMR

 values only varied 

moderately (from 23 to 8) for benzyl alcohol concentrations of 

10, 20 and 100 mM, the lack of size differences between na-

noparticles NP110mM, NP120mM and NP1100mM is unsurprising 

as the change in DPn of polycaprolactone within this range 

may not be enough to induce significant particle size varia-

tions. The only appreciable decrease in nanoparticle size was 

observed for NP12mM at DPn
NMR

 of 40, i.e. when one initiator 

molecule was responsible in polymerizing all the caprolactone 

groups on a single polymer chain. This suggests that to ensure 

maximum collapse and cross-linking of SCNP, the molar ratio 

of initiator to main chain should ideally be ca. 1:1.  

 

Figure 7. Overlay of the 1H NMR spectra of the SCNP formed 

with different concentrations of benzyl alcohol. 



 

The most plausible explanation for the poor initiation effi-

ciency observed at higher initiator concentrations (≥ 10 mM) 

could be due to faster rate of propagation to initiation. Once 

initiated, it is highly likely for the growing polycaprolactone to 

react with other adjacent caprolactone groups faster than a 

new initiator molecule could initiate a new growing chain 

taking into account the caprolactone groups within the same 

main chain are in close proximity to one another and in a con-

fined space.  

Table 2. Average Number of Repeat Units in Polycaprolac-

tone Linkages 

polymer DPn
NMR DPn

theo efficiencya (%) 

NP12mM 40 37 91 

NP110mM 23 7 32 

NP120mM 15 4 25 

NP1100mM 8 1 10 

aDefined as the ratio of DPn
NMR to DPn

theo. 

We report herein an in-depth investigation into the factors 

affecting the formation of SCNP prepared via organo-

catalyzed ROP. Specifically, we investigated the effect of i) 

side-chain functionalities on linear random copolymer precur-

sors, ii) initiator structure and iii) initiator concentration. For 

this investigation, we have synthesized various linear precur-

sors containing reactive pendent caprolactone groups includ-

ing OEG-based copolymers (P1), polystyrene (P2) and 

poly(methyl acrylate) (P3), and have employed multifunction-

al alcohol initiators in the ROP-mediated formation of SCNP. 

We found that only P1 successfully formed SCNP at high 

polymer concentration (ca. 100 mg⋅mL
–1

) while P2 and P3 

resulted in multi-chain aggregates. This crucially demonstrat-

ed the importance of OEG brushes in aiding the formation of 

SCNP at high polymer concentration. Meanwhile, the archi-

tecture of the alcohol initiator has no affect on nanoparticle 

formation. However, the initiator concentration influenced the 

SCNP formation step as a smaller and more compact SCNP 

was produced when the initiator and linear precursor were set 

at equimolar concentration. The ability to prepare SCNP at 

high polymer concentrations has many advantages and may 

lead to exciting applications (e.g., coating technologies). 

Overall, we envisage that this study will lead to the develop-

ment of new SCNP for targeted applications. Work is current-

ly underway in our labs in determining the efficacy of SCNP 

for membrane technologies and bioapplications.  

Contains additional NMR, MALLS and DLS data. This material 

is available free of charge via the Internet at http://pubs.acs.org.  
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The factors affecting the formation of single-chain polymeric nanoparticles (SCNP) at high polymer concentration (~ 100 

mg⋅mL
–1

) via organo-catalyzed ring-opening polymerization is investigated in this study. Specifically, the role of ethylene 

glycol brushes in the linear polymer precursor, and the effect of alcohol initiator structure and concentration are determined. 

The fundamental knowledge derived from this study may lead to the development of new SCNP for future targeted applica-

tions. 
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